Proteostasis Takes Center Stage in Pulmonary Fibrosis
The proteostasis network consists of a large number of specialized proteins that are necessary for the precise function of processes that oversee the life cycle of all cellular proteins (1) . Newly translated proteins are folded into their native state through the action of molecular chaperones, and trafficked to specific subcellular locations. Proteins that are damaged or not needed are degraded via the ubiquitin proteasome or lysosomal degradation systems (2) . Disruption of the proteostasis network at any point presents a major challenge to the intracellular proteome, simultaneously causing a relative imbalance in functional levels of critical proteins in subcellular compartments and the accumulation of misfolded or damaged proteins that are prone to aggregate or precipitate in the remarkably protein-rich intracellular environment (3) .
In humans, the molecular "chaperome" is comprised of some 332 genes that serve promiscuous roles in protein folding (4) . These chaperones include canonical members of the heat shock protein (HSP) family as well as proteins involved in organellespecific folding in the endoplasmic reticulum and the mitochondria. Chaperones are expressed continuously in most cells but are robustly induced upon environmental (e.g., heat shock) or organelle-specific stress (e.g., endoplasmic reticulum stress or the mitochondrial unfolded protein response). Genetic studies hint at proteostatic stress in the lung epithelium as a potential driver of many lung diseases, including pulmonary fibrosis (5, 6). For example, mutations in the gene encoding SFTPC that cause misfolding of the protein have been observed in families with increased rates of idiopathic pulmonary fibrosis (7). An autosomalrecessive mutation that results in a defect in vesicular trafficking results in Hermansky-Pudlak syndrome, which is associated with highly penetrant pulmonary fibrosis (8) . Although direct evidence of a protein folding defect has not been shown, a common variant SNP in the promoter region of the gene encoding an abundantly expressed mucin, MUC5B, is associated with increased expression of the protein and an increased risk of pulmonary fibrosis (9). The chronic proteostatic stress associated with these mutations might be expected to induce the expression of chaperones in the lung as part of an adaptive response. Consistent with this hypothesis, genetic loss of HSP70 (Hspa1a) in mice has been reported to increase susceptibility to bleomycin-induced fibrosis (10) .
In this issue of the Journal, Sellares and colleagues (pp. 629-636) report on the expression of HSP70 in lung tissues and primary human lung fibroblasts obtained from patients with pulmonary fibrosis (11). Contrary to predictions, the expression of constitutive and inducible HSP70 was reduced in lung tissue from patients with pulmonary fibrosis compared with normal control subjects and in primary cultured fibroblasts from the lungs of patients with pulmonary fibrosis. The investigators go on to show that administration of the profibrotic cytokine TGF-b or viral transfection of IGFBP5 reduced the expression of both constitutive and inducible HSP70. They suggest that the loss of HSP70 in the fibrotic environment removed an inhibitory effect on TGF-b signaling that promoted the production of matrix proteins by lung fibroblasts. Consistent with a protective role of HSP70 in fibrosis, global deletion of the inducible form of HSP70 worsened bleomycin-induced fibrosis in mice.
The work by Sellares and colleagues extends the larger body of work implicating dysfunction in the proteostasis network in the development of fibrosis, and at the same time raises questions. Perhaps most importantly, the investigators suggest that signaling induced by profibrotic cytokines in the microenvironment might inhibit the expression of chaperones to worsen proteostatic stress, potentially creating a self-sustaining cycle of fibrosis. Substantial additional work, however, will need to be done before such a conclusion can be made. For example, although chaperones are expressed in virtually every cell, their regulation during stress is likely cell-type specific (12) . Careful studies in which chaperones are deleted within specific cell types will be required to address these questions. Furthermore, although the expression of HSP70 was reduced in the end-stage fibrotic tissues examined by Sellares and colleagues, it is not clear whether this represents an early event in the pathogenesis of fibrosis or later stages of the disease. For example, expression of a mutant of the gene encoding CFTR that causes cystic fibrosis in airway epithelial cells acutely induces an adaptive chaperone response, but chronic expression results in global dysfunction in protein folding (13) . In addition, the observation that impaired HSP70 expression persists in lung fibroblasts from patients with pulmonary fibrosis after removal from the fibrotic microenvironment hints at epigenetic changes that impair chaperone responses; however, the mechanisms that underlie this observation are not known.
The work by Sellares also raises questions about the enhanced susceptibility to pulmonary fibrosis with aging. A substantial body of literature suggests that dysfunction in the proteostasis network is a major driver of age-related phenotypes that might be programmed by conserved signaling events (14, 15) . In a study of human brains, Brehme and colleagues found reduced mRNA expression of chaperones in normal aging and in patients with dementia (4). Indeed, Sellares and colleagues suggest that adult mice lacking inducible HSP70 are slightly more susceptible to fibrosis than juvenile mice. Systematic studies to examine both the expression and function of proteostasis genes during aging will be required to address these questions. n 
